The cooperative O 2 -binding of hemoglobin (Hb) have been assumed to correlate to change in the quaternary structures of Hb: T(deoxy)-and R(oxy)-quaternary structures, having low and high O 2 -affinities, respectively. Heterotropic allosteric effectors have been shown to interact not only with deoxy-but also oxy-Hbs causing significant reduction in their O 2 -affinities and the modulation of cooperativity. In the presence of two potent effectors, L35 and inositol hexaphosphate (IHP) at pH 6.6, Hb exhibits extremely low O 2 -affinities (K T = 0.0085 mmHg −1 and K R = 0.011 mmHg −1 ) and thus a very low cooperativity (K R /K T = 1.3 and L 0 = 2.4). 1 H-NMR spectra of human adult Hb with these two effectors were examined in order to determine the quaternary state of Hb in solution and to clarify the correlation between the O 2 -affinities and the structural change of Hb caused by the heterotropic effectors. At pH 6.9, 1 H-NMR spectrum of deoxy-Hb in the presence of L35 and IHP showed a marker of the T-quaternary structure (the T-marker) at 14 ppm, originated from inter-dimeric α 1 β 2 -(or α 2 β 1 -) hydrogen-bonds, and hyperfine-shifted (hfs) signals around 15-25 ppm, caused by high-spin heme-Fe(II)s. Upon addition of O 2 , the hfs signals disappeared, reflecting that the heme-Fe(II)s are ligated with O 2 , but the T-marker signals still remained, although slightly shifted and broadened, under the partial pressure of O 2 (P O2 ) of 760 mmHg. These NMR results accompanying with visible absorption spectroscopy and visible resonance Raman spectroscopy reveal that oxy-Hb in the presence of L35 and IHP below pH 7 takes the ligated T-quaternary structure under the P O2 of 760 mmHg. The L35-concentration dependence of the T-marker in the presence of IHP indicates that there are more than one kind of L35-binding sites in the ligated T-quaternary structure. The stronger binding sites are probably intra-dimeric binding sites between α 1 G-and β 1 G-helices, and the other weaker binding site causes the R → T transition without release of O 2 . The fluctuation of the tertiary structure of Hb seems to be caused by both the structural perturbation of α 1 β 1 (or α 2 β 2 ) intra-dimeric interface, where the stronger L35-binding sites exist, and by the IHP-binding to the α 1 α 2 -(or β 1 β 2 -) cavity. The tertiary structural fluctuation induced by the allosteric effectors may contribute to the significant reduction of the O 2 -affinity of oxy-Hb, which little depends on the quaternary structures. Therefore, the widely held assumptions of the structure-function correlation of Hb -[the deoxystate] =[the T-quaternary structure] = [the low O 2 -affinity state] and [the oxy-state] =[the R-quaternary structure] = [the high O 2 -affinity state] and the O 2 -affiny of Hb being regulated by the T/R-quaternary structural transitionare no longer sustainable. This article is part of a Special Issue entitled: Allosteric cooperativity in respiratory proteins.
Introduction
Hemoglobin (Hb) is a tetrameric molecule composed of two identical αβheterodimers, in which each subunit carries a heme group to which O 2 binds reversibly. This ligation process is characterized by the phenomenon called cooperativity: each successive ligation of the hemes within a tetramer is accompanied by progressive increases in the O 2 -affinity of the remaining hemes. Cooperativity can be described by effect, with limited functional diversity [8, 9, 17] . In the presence of heterotropic effectors, Hb exhibits significant functional diversities; and, in vivo, endogenous heterotropic effectors in the red blood cells modulate the Hb function in ways critical to its efficacy as a physiological O 2 -carrier. Such functional diversities are generated primarily through certain tertiary conformational changes caused by interaction of the effectors with both deoxy-and oxy-Hb, especially oxy-Hb. Since then, interactions of Hb with deoxy-and ligated-Hb with various effectors, such as IHP [18] [19] [20] , L35 [21] , BZF and IHP [22] , and L35 and IHP [23] have been reported. The structural diversity of unligated-and ligated-Hbs has been reported. Besides the canonical T-and R-quaternary structures reported by Perutz [2] , various T-and R-quaternary structures have been determined and the allosteric transition have been proposed. For the T-quaternary structure, the structural transitions, referred to as the T → T High transitions, between the unligated Tquaternary structure of deoxy-Hb and an ensemble of related T-like quaternary structures that are induced by some mutations of β37Trp have been proposed [24] . Multiple R-quaternary structures have been reported by X-ray crystallography; R (crystals grown under high-salt conditions) and R2 (crystals grown under low-salt conditions) [25] [26] [27] [28] . Multidimensional NMR spectra of stable-isotope-labeled Hb revealed that the solution structure of CO-Hb is a dynamic ensemble between the R and R2 quaternary structures [18, 29] . In the proposed T → R → R2 transition, Gong et al. [18] suggested that IHP can shift the solution quaternary structure of CO-Hb slightly toward the R-structure from R2.
The effect of the combined use of BZF/L35 and IHP on the O 2affinity and the T → R-quaternary transition has been studied by various spectroscopic methods. Marden et al. [15] reported a flashphotolysis-kinetics study for CO-Hb in the presence of BZF and IHP, and proposed "a T-like structure of Hb with four ligands bound." Previous NMR study of fully ligated Hb, oxy-and CO-Hbs, in the presence of BZF and IHP showed the disappearance of the Tquaternary marker, despite the fact that Hb exhibits an extremely low O 2 -affinity and no cooperativity in solution [9] . As for L35 and IHP, a detailed spectroscopic study of L35-binding to CO-Hb in the presence of IHP has been published, suggesting that L35 induces a global heterogeneous conformation change, characterized by a T-like structural feature at the α 1 β 2 -interface, an R-like structural feature within the heme environment, and an intermediate-like state at the central cavity [23] . L35 and IHP also simultaneously bind to semi-Hbs (αβ-dimers with heme missing from either one subunit), and reduces their O 2 -affinity, even though these proteins cannot adopt the Tquaternary structure since they remain dimeric [30] . For some Hb mutants, a fully ligated T-quaternary structure in the CO form was observed in the presence of IHP by NMR spectroscopy [31] [32] [33] . However, a fully ligated T-quaternary structure of human normal Hb has not been reported by NMR so far. In the present study, we aim to clarify the various structural interpretations about the binding properties of L35 and IHP to Hb by using NMR spectroscopy.
Materials and methods
All reagents and buffers were of analytical grade. L35 ( Fig. 1 ) was synthesized according to Lalezari et al. [7] and purified by double crystallization.
Preparation of Hb
Human adult Hb (Hb) was purified from expired red blood cells, obtained from the local branch of the American Red Cross, and processed as previously described [8] . Hb was promptly converted to the CO-form, stripped from organic phosphates, and further purified by ionic exchange chromatography using CM resin in a sodium phosphate buffer system to remove minor components. The final Hb solution was in 5 mM HEPES buffer, pH 7.8 saturated with carbon monoxide, concentrated by ultrafiltration using Omega 10 K disc membranes (Pall Filtron Corporation, Northborough, MA), and stored in the cold. Prior to use, whenever oxy-Hb was needed, CO was removed by exposing the sample to strong illumination under a stream of pure O 2 on iced water.
Oxygenation measurements
Oxygen equilibrium curves were obtained using an improved version of the Imai apparatus [34, 35] as described previously [8, 36] . Sample concentration was 60 μM heme in 0.1 M HEPES, pH 6.6-9.0, containing 0.5 mM L35 and 2 mM IHP. To prevent met-Hb formation, small amounts of superoxide dismutase and catalase (Sigma-Aldrich, St. Louis, MO) were added to the samples. All measurements were carried out at 288 K.
1 H-NMR measurements
Spectra were measured on a Bruker AV-600 and AV-300 spectrometers. Hb samples (1.5 mM heme) in the deoxy-, CO-and O 2 -forms were prepared in 90% H 2 O/10% D 2 O containing 0.1 M HEPES and 0.1 M Cl -, containing effectors. The NMR samples of deoxy-Hb, oxy-Hb, and CO-Hb were saturated by 760 mmHg of N 2 , O 2 , and CO gas in the tube, respectively. The water signal was suppressed by using a jump-and-return pulse sequence [37] . Proton chemical shifts were referred to internal sodium 3-(trimethylsilyl)propionate-2,2,3,3-d 4 (TSP-d 4 ).
Visible absorption spectroscopy and visible resonance Raman spectroscopy
Visible spectra of oxy-Hb directly transferred from the NMR tube were measured in the range from 700 nm to 450 nm by using a 0.2mm flow cell of MCPD-3000 (Otsuka Electronics, Osaka, Japan). A Hitachi U-3310 spectrophotometer was used for calculating the ratio of deoxy-Hb to the total Hb in the presence of the two effectors. Visible resonance Raman spectra were excited with 441.6-nm line of a He/Cd laser (Kimmon Electrics, Tokyo, Japan) and 413.1-nm line of a blue Kr laser (Spectra-Physics Lasers Inc., CA) detected with a liquid nitrogen-cooled charge coupled device (Princeton Instruments, Tucson, AZ), attached to SPEX750M polychromator (Jobin Yvon Inc., NJ). Raman shifts were calibrated with indene. Hb samples (78 μM heme) were dissolved in 0.1 M HEPES buffer (pH 6.8) containing 0.1 M Cl − in the presence of 0.5 mM L35 and 10 mM IHP.
Results

Oxygen-binding studies of Hb in the presence of allosteric effectors
The O 2 -binding equilibria for Hb were measured at 288 K, pH 6.6-9.0, in the presence of the two effectors, L35 and IHP. MWC parameters (K T , K R , L 0 , and L 4 ) and P 50 (the partial pressure of O 2 at 50% saturation) obtained are summarized in Table 1 . The corresponding Hill plot appeared as Fig. 3 (B) in Ref. [38] . K T and K R are the association equilibrium constants (mmHg −1 ) for the T-and R-functional states of the MWC model, respectively. L 0 and L 4 are the allosteric equilibrium constants expressed by the [T n ]/[R n ] ratio at fully unligated and fully ligated states (n= 0 and 4), respectively. Upon addition of allosteric effectors, the O 2 -binding curves exhibit a right shift (a decrease in the O 2 -affinity). The extreme case was detected at pH 6.6 in the presence of L35 and IHP. The P 50 value was increased from 4 mmHg at pH 9.0 to 116 mmHg at pH 6.6. In other words, relative to stripped conditions (P 50 = 1.10 mmHg at pH 6.6), the O 2 -affinity of Hb is reduced as much as 100-folds in the presence of these strong allosteric effectors. The cooperativity was dramatically reduced from K R /K T = 413 at pH 9.0 to K R /K T = 1.4 at pH 6.6. In the presence of BZF and IHP Hb exhibited P 50 =97.1 mmHg and K R /K T = 3.3 at pH 6.6 [9] .
Proton resonances of deoxy-Hb in the presence of L35 and IHP
The exchangeable and ferrous hyperfine-shifted (hfs) proton resonances of Hb in the deoxy-form are shown in Fig. 2 . The resonance at~14 ppm from TSP of Hb has been assigned to the α 1 β 2 (or α 2 β 1 ) inter-dimeric hydrogen-bond between α42Tyr and β99Asp [39] and is a key marker for the T-quaternary structure of deoxy-Hb. This resonance was completely absent from the spectra of the R-quaternary structure. The resonance at~11 ppm has also been assigned to the indole NH of β37Trp, involved in the α 1 β 2 interdimeric hydrogen-bond [40] . The resonance at 12.2 ppm has been assigned to the side-chain N ε2 H group of α103His, which is hydrogenbonded to β131Gln (or to the peptide carbonyl of β108Asn). The resonance at 12.9 ppm has been assigned to the side-chain N ε2 H group of α122His, which forms a water-mediated hydrogen-bond with the side chain of β35Tyr. Both the hydrogen-bonds of αHis are located at the intra-dimeric α 1 β 1 -subunit interface of Hb [40] . The indole NH of β37Trp and N ε2 H group of α103His were slightly shifted downfield. Deoxy-Hb with L35 molecules determined by X-ray crystallography showed that the binding sites of L35, deep in the central cavity, are near the residues involved in these hydrogen-bonds [21], such as, α103His, α122His. The down field shift of α103His was previously observed for deoxy-Hb in the presence of BZF and IHP [9] , indicating that the binding sites of BZF in the deoxy-form are identical to that of L35 [21] , although such a BZF-binding site was not observed in the crystal structure [13, 41] . As for those four exchangeable proton resonances, their relative intensity and their chemical shift position had little change in the presence of L35 and IHP. It means almost no perturbations around the α 1 β 2 -and α 2 β 1 -subunit interfaces of deoxy-Hb in the presence of L35 and/or IHP. The spectral region from 15 to 25 ppm arises from the hfs resonances of the porphyrin ring and the amino acid residues situated in proximity to the heme pockets. The hfs proton resonances in the presence of the effectors showed some spectral change from those of deoxy-Hb in the absence of the effectors. Each hfs proton resonance has been assigned to αor β-subunits [42] . It indicates that there are some structural alterations in the environment of the heme pockets of both the αand β-subunits by the L35-binding. The binding sites of L35 and IHP are rather apart from the heme pockets, however, the influence of the effector-binding propagates to the heme, as previously reported [20, 23] . There was no change in the proximal histidyl resonances observed around 60-80 ppm (data not shown), indicating no perturbations around the proximal His residues of deoxy-Hb. which does not prevent the protein from adopting either the T-or Rquaternary structure [21] . Additionally, the resonance of α122His showed a small upfield-shift and broadening. The T-marker at 14 ppm and the hfs resonances from 15 to 25 ppm was not observed for CO-Hb in the presence of L35 and IHP. Consequently, the quaternary structure of CO-Hb in the presence of L35 and IHP is also the Rquaternary structure that is almost identical to that of CO-Hb in the presence of BZF and IHP [9] . However, there were some differences: The line-width of the Nε 2 H group of the α103His signal was unchanged, but that of α122His became broader in the presence of L35 and/or IHP. Such a broadening of the Nε 2 H resonance of α122His was not observed for CO-Hb in the presence of BZF and IHP under the same condition [9] . It was reported that the line-width of those His Nε 2 H resonances is related to the solvent exchange rates, leading to the relative stabilization free energies [43] . The broadness of the α122His resonance indicates that binding of L35 and IHP to CO-Hb induces some structural change and fluctuation around the intradimeric α 1 β 1 -subunit interface.
Proton resonances of CO-Hb in the presence of L35 and IHP
The ring-current-shifted proton resonances of CO-Hb in the absence and presence of the effectors are compared in Fig. 3 . The resonance from − 1.5 to −2.0 ppm has been attributed to E11Val γ-CH 3 of the αand β-subunits (α63Val and β67Val). The resonance of γ-CH 3 of E11βVal was slightly shifted and broadened by the simultaneous addition of L35 and IHP. The chemical shift difference between E11α and βVal γ-CH 3 of CO-Hb in the presence of L35 and IHP was larger than those in the absence of these effectors. Some ringcurrent-shifted proton resonances from − 0.5 to − 1.5 ppm were also shifted, indicating that besides the E11Val residue, hydrophobic residues around the heme are affected by the binding of the effectors. Fig. 4 shows the exchangeable and ring-current-shifted proton resonances of oxy-Hb in the absence and presence of L35 and IHP. With L35 alone, the exchangeable resonances of oxy-Hb were essentially identical to those of CO-Hb with a slightly upfield-shifted and broadened resonance of α122His. However, oxy-Hb with the two effectors remarkably showed the four exchangeable proton resonances, as observed for the T-quaternary structure of deoxy-Hb. The T-marker at 14 ppm, originated from the α 1 β 2 (or α 2 β 1 ) inter-dimeric hydrogen bonds between α42Tyr and β99Asp, was clearly observed, with the appearance of the indole NH of β37Trp at 11.2 ppm, involved also in the α 1 β 2 -inter-dimeric hydrogen-bond. The exchangeable proton signals of α103His and α122His, originated from hydrogen-bonds in the intradimeric α 1 β 1 -subunit interface, were almost identical to those of CO-Hb in the presence of L35 and IHP. In the spectra of oxy-Hb in the presence of BZF and IHP, there were no T-marker and the resonance of α122His was narrower. The hfs signals (15-25 ppm) were not observed for oxy-Hb in the presence of L35 and IHP (data not shown), indicating that the heme Fe(II) takes the same low-spin state as in CO-Hb or oxy-Hb.
T-quaternary structure of oxy-Hb in the presence of L35 and IHP
The ring-current-shifted proton resonances of oxy-Hb in the presence of L35 and IHP also showed a unique feature. The resonances of E11α and βVal γ-CH 3 at −2.5 ppm became broader by addition of L35 to the solution of oxy-Hb in the presence of IHP, and disappeared with the disappearance of the other ring-current-shifted proton signals from − 0.5 ppm to −1.5 ppm. The ring-current-shifted proton resonances of oxy-Hb in the presence of BZF and IHP were also broader [9] . In addition to the ring-current-shifted proton resonances, many C-2 protons of His residues became broad in the presence of L35 and IHP (data not shown). The broadening of the non-exchangeable proton resonances is probably caused by the intermediate chemical exchange on the NMR time scale.
Visible absorption and visible resonance Raman spectroscopy
In order to investigate the ligation of heme, visible spectra of the NMR sample (1.5 mM heme) was measured by 0.2-mm flow-cell. The visible spectra of oxy-Hb in the presence of 5 mM L35 and 10 mM IHP showed the two peaks at λ max = 542 and 577 nm but the ratio of λ max values between 561 and 577 nm suggested the existence of unligated heme. The proportion of the unligated heme was determined to be 18-19% by measuring the visible spectra of Hb (78 μM heme) with 0.5 mM L35 and 10 mM IHP under the condition of PO 2 = 760 mmHg. The visible resonance Raman spectra of Hb with the two effectors were also measured in the same conditions as the visible absorption spectroscopy to investigate the effects of the effectors on the heme and Fe-His stretching. It is well established that the ν 4 band appears at 1371 and 1354 cm −1 for CO-Hb and deoxy-Hb, respectively [22] . In the absence of the effectors, the ν 4 band of oxy-Hb and deoxy-Hb were observed at 1377 and 1358 cm −1 , respectively. The ν 4 band of deoxy-Hb in the presence of L35 and IHP showed the strong peak at 1358 cm −1 , which was identical to that in the absence of the effectors. The ν 4 band of oxy-Hb in the presence of L35 and IHP showed a strong peak at 1377 cm −1 and weak shoulder peak at 1358 cm −1 , indicating that the unligated heme exists in the presence of L35 and IHP under the condition of PO 2 = 760 mmHg. And the Fe-O 2 stretching-frequency signal (ν Fe-O2 ) around 567 cm −1 decreased without any shift in the presence of the two effectors. The decreased intensity of the ν Fe-O2 band coincides with the existence of deoxy-Hb determined by the visible absorption spectroscopy. The identical shift of ν Fe-O2 band with and without the effectors indicates that the ligation state of the heme is similar between the ligated T-and the ligated R-quaternary structures of oxy-Hb. It has been reported that the α 1 β 2 -inter-dimeric contacts induce some strain on the Fe-His bond of deoxy-Hb, and lower the Fe-His stretching frequency (ν Fe-His ) around 215 cm −1 . However, there was no difference in the shift and intensity of ν Fe-His of deoxy-Hb between the absence and presence of the effectors, indicating that these effectors cause no detectable perturbation in the Fe-His bonding in the T-quaternary structures of deoxy-Hb.
3.6. L35-concentration dependence on the formation of T-quaternary structure of oxy-Hb in the presence of IHP The titration of oxy-Hb with L35 in the presence of 10 mM IHP is shown in Fig. 5 . In the presence of IHP alone, a broad and weak peak appeared at 13.6-13.8 ppm, slightly different from the T-marker. With the concentration of L35 increasing up to 1.0 mM, the exchangeable proton resonance of α122His in the intra-dimeric interface gradually shifted to the upfield. However, in this L35concentration range (b1.0 mM), the T-marker at 14.0 ppm was very weak, indicating that oxy-Hb takes the R-quaternary structure. The Tmarker gradually increased with the L35 concentration increasing from 1 mM up to 5 mM (Fig. 6 ), but the resonance of α122His was unchanged in the range from 1 to 5 mM. Previous fluorescence study of L35-binding to CO-Hb in the presence of IHP reported two relatively weak binding constants, determined by fluorescence emission spectra of Trp residues [23] . The present NMR results also indicate that there are more than one binding sites of L35 in oxy-Hb; a strong binding site which makes the resonance of α122His shift and a weak binding site which causes the R → T transition. The observed L35-binding to oxy-Hb in the presence of IHP seems to be stronger than that reported for CO-Hb by the fluorescence spectroscopy. It should be noted that by the X-ray crystallography, L35 molecules symmetrically binds to the intra-dimeric cavity between α 1 G-and β 1 G-helices (or α 2 G-and β 2 Ghelices) of deoxy-Hb or CO-Hb, which is near the α122His residue [21] . The strong binding site may coincide with the intra-dimeric L35binding sites.
Effect of pH on T-quaternary structure of oxy-Hb in the presence of L35 and anionic effectors
Hydrogen ion (H + ) is also one of the heterotropic effectors. According to Wyman's linkage model [44] , there is an exact relationship between the change in the O 2 -affinity and the number Other anionic compounds, 2,3-BPG or mellitic acid (MA) were added with L35 to oxy-Hb below pH 7 to examine whether the formation of the T-quaternary structure of oxy-Hb is unique to the combination of L35 and IHP. MA is not a popular heterotropic allosteric effector for Hb, but it strongly binds to the central cavity between β 1 β 2 -subunits as IHP does [46] . Total negative charges of these two compounds are smaller than that of IHP. MA and 2,3-BPG also induced the R → T transition of oxy-Hb with L35 below pH 7. The T-marker of oxy-Hb in the presence of L35 and MA below pH 7 was identical to that in the presence of L35 and IHP. However, with pH increasing from 6.8 to 7.6, the T-marker in the presence of L35 and MA disappeared at slightly lower pHs. Its middle point of the transition curve was determined to be pH 7.4. As for 2,3-BPG, the T-maker in the presence of L35 and 2,3-BPG at pH 6.7 was half as strong as those in the presence of L35 and IHP/MA, indicating that the population of the T-quaternary structure of oxy-Hb is lower, and above pH 7, the Tmaker disappeared. These results indicate that the formation of the Tquaternary structure of oxy-Hb is induced by L35 in combination with any anionic effectors, depending on the total negative charges of the anionic compounds.
Discussion
We report in this paper that simultaneous binding of L35 and IHP to oxy-Hb causes the R → T quaternary structural transition without releasing O 2 . In the presence of L35 and IHP below pH 7 oxy-Hb takes the ligated T-quaternary structure under the condition of P O2 = 760 mmHg. In the R → T-quaternary structural transition of oxy-Hb, the α 1 β 2 -(or α 2 β 1 -) inter-dimeric interface should change by sliding of the β 2 FG corner on the α 1 C-helix, where the T-marker hydrogen-bond is formed between α 1 42Tyr and β 2 99Asp. The indole NH of β37Trp, involved also in the α 1 β 2 inter-dimeric hydrogen-bond, was clearly observed at 11.2 ppm like deoxy-Hb. It should be noted that by X-ray crystallography studies, the β37Trp plays a central role in the quaternary constraints in the T-quaternary structure [24, 47] . Previous NMR studies of α96 and/or β108 mutant Hbs in the CO-form showed the T-marker in the presence of IHP [31] [32] [33] , where the indole NH resonance of β37Trp was not observed around 11.2 ppm. These mutant Hbs exhibited a low O 2 -affinity and a high cooperativity by the change in the interaction on the intra-dimeric surface. The observed β37Trp resonance of the ligated T-quaternary structure indicates that the contacts between α 1 FG-corner and the β 2 C-helix are not T   T   T   T   14  13  12  11  15  14  13 12 11 15 Relative intensity of T-marker influenced by the ligation. Assuming that intra-dimeric mutual positions between the FG corner and the C-helix of the ligated Tquaternary structure are almost identical to those of the unligated Tquaternary structure, the tertiary structure of the ligated T-quaternary structure should differ in the structure of the F-helix bound to the ligated heme from that of the unligated T-quaternary structure of deoxy-Hb. The interaction of oxy-Hb with both of these effectors stabilizes the ligated T-quaternary structure of oxy-Hb in solution. In the presence of either L35 or IHP alone, or in the presence of BZF and IHP, the T-quaternary structure is less stable than the R-quaternary structure so that the R-quaternary structure of oxy-Hb is maintained under the condition of P O2 = 760 mmHg and pH b 7.4. The L35concentration dependence of the T-marker in the presence of IHP indicates that there are more than one kind of the L35-binding sites in the ligated T-quaternary structure, and the weaker binding site causes the R → T(oxy) transition. An X-ray crystallographic study of partially ligated deoxy-Hb in the presence of L35 showed two symmetric, intra-dimeric binding sites between α 1 G-and β 1 G-helices (or α 2 Gand β 2 G-helices), and the third inter-dimeric binding site between the β 1 G-and β 2 G-helices [21] . The two intra-dimeric binding sites also were stably observed for the R-quaternary structure of horse CO-Hb as well. Since the hydrogen-bond including α122His, observed at 12.9 ppm, is located near the intra-dimeric binding site, the chemicalshift change of the Nε 2 H proton resonance of α122His at the L35concentration below 1 mM may be induced by the L35-binding to the intra-dimeric binding sites. The third binding site proposed by the Xray crystal structure is adjacent to the IHP-binding site between β 1 Hand β 2 H-helices [11, 12, 21] . Therefore, the L35-molecule binding to the third binding site likely induces the R → T transition of oxy-Hb in the presence of IHP. The third binding site may coincide with the weaker binding site inducing the ligated T-quaternary structure. It should be noted that the O 2 -affinity of Hb and semi-Hb decreased at relatively low concentration of L35, and that the exchangeable proton resonances of β-semi-Hb also shifted upfield below 2 mM L35 [30] , suggesting that the decrease of the O 2 -affinity is largely caused by the L35-binding to the intra-dimeric sites, accompanying with IHP binding. The reduction of the O 2 -affinity may arise mainly from the L35-binding to the intra-dimeric sites, and the additional weaker L35binding to the inter-dimeric sites causes the R → T transition.
In the presence of BZF and IHP, oxy-Hb maintains the R-quaternary structure [9] , but shows a very low O 2 -affinity and no cooperativity, as observed for L35 and IHP. The BZF binding to oxy-Hb in the presence of IHP is strong enough for reducing the O 2 -affinity and cooperativity, but probably, is not strong enough for changing the quaternary structure. This implies that, as compared to L35, BZF cannot bind strongly to the third binding site which induces the R → T transition, and that although BZF cannot stabilize the ligated T-quaternary structure completely, the BZF-binding to the intra-dimeric binding site, which was not observed in X-ray crystal structure [13, 41] , causes the reduction of the O 2 -affinity and cooperativity in the presence of IHP. Even in the presence of L35 and IHP below pH 7, CO-Hb takes the R-quaternary structure. However, CO-Hb showed the small upfieldshift and broadening of α122His, as observed in the T-quaternary structure. It indicates that L35 binds to the central cavity of CO-Hb and induces structural fluctuation around the α 1 β 1 -subunit interface. The ring-current-shifted proton resonances of CO-Hb indicate that the heme moiety of the β-chain is mainly affected and fluctuated upon the simultaneous addition of L35 and IHP. It was reported that binding of IHP to CO-Hb induces structural fluctuation in C-, F-, and G-helices, and the HC-region of both the α and β-subunits on the μs-ms time scale [20] . The signal-broadening of the ring-current-shifted protons in the presence of the two effectors may be due partly to chemical exchange processes around the heme pockets, where L35 and IHP are involved. Taking into account that the two intra-dimeric L35-binding sites were stably observed for the R-quaternary structure of horse CO-Hb [21] , L35 and IHP bind to the R-quaternary structure in not only the CO-but also the O 2 -form, leading to the extremely low O 2 -affinity. Therefore, the reason why CO-Hb takes the R-quaternary structure is that L35 could not bind to the third binding site in CO-Hb, or even if L35 binds, the stabilization effect of L35 on the T-quaternary structure in the CO form is not strong enough.
It is necessary for both of L35 and IHP to bind to Hb in order to functionally decrease the O 2 -affinity to extremely low levels, to diminish the cooperativity, and to structurally induce the R → T transition. However, these functional and structural allosteric effects of L35 and IHP may be caused by the different binding sites in the quaternary structures. L35 binds to the deep intra-dimeric binding site between α 1 G-and β 1 G-helices, and this L35-binding is not affected by the Hb quaternary state [21] , indicating that L35 molecules still exist inside of CO-Hb. As for IHP-binding to the R-quaternary structure, on the basis of NMR study on IHP-induced structural fluctuation in deoxy-Hb and CO-Hb, Song et al. has proposed the spring-on-scissors model [20] , where the IHP-binding sites are different between the unligated T-and ligated R-quaternary structures. Computational simulation suggests that in the ligated R-quaternary structure Hb, effectors like IHP or 2,3-BPG bind between the α 1 -and α 2 -subunits to stabilize the intermediate state [48] . In the presence of L35 in the intra-dimeric binding site of the Rquaternary structure, IHP binds to the R-quaternary structure of oxy-Hb in different position from the ligated T-quaternary structure, leading to the extreme decrease in the O 2 -affinity for the R-quaternary structure of oxy-Hb.
The transition from the ligated T-to the R-quaternary structure with increasing pH from 7.0 to 7.8 is related to the alkaline Bohr effect. Upon introduction of heterotropic effectors, the Bohr effect increased dramatically and its magnitude correlated directly with the strength of the effector: the stronger the effector (or a combination of these), the larger the Bohr effect [9, 17] . This enhanced Bohr effect, is mediated by the interaction with effectors. In the presence of BZF, IHP, and Cl − , the average number of released H + ions during the transition (ΔH + average ) was reported to be −1.1 H + /heme. Since only pH was allowed to vary in the absence of any other effectors (including Cl − ) Hb displayed an extremely diminished the Bohr effect (ΔH + average = −0.01 H + /heme), the Bohr effect might not be the product of the direct interplay between protons and Hb, but rather between heterotropic effectors and Hb, regulated by proton-concentration [8, 9, 17] . With pH increasing, the O 2affinity increased in the presence of L35 and anionic effectors. The pH dependence of the ligated T-quaternary structure in the presence of L35 and the anionic effectors indicates that with no change in the ligation state H + can be released through the ligated T → R transition, leading to change in the interaction of the anionic effectors with the R-quaternary structure of Hb. Among the surface histidyl residues, β146His has the largest contribution to the alkaline Bohr effect (63% at pH 7.4) in the binding of 2,3-BPG [49] . The C-terminal β146His has been postulated to play an important role in the allostery of Hb on the basis of X-ray crystallographic data as well as its ability to form salt bridges and hydrogen-bonds in the deoxy-form [2] . Backbone dynamics data indicate that this residue is rigid in deoxy-Hb, but it is free from restrictions to its backbone motions in the CO-form, consistent with the X-ray crystallographic findings [49] . The effect of the anionic compounds (IHP, MA, and 2,3-BPG) on the pH transition curves suggest that the pK a of the surface His residues, particularly, β146His change with the number of the negative charges of the effectors. After the releasing of the anionic effector from the cavity between β 1 H-and β 2 H-helices, L35 still binds to the intra-dimeric binding sites because of the small upfieldshift and broadening of the α122His signal, and the anionic effector possibly moves to different binding sites [50] , which is related to the reduction of the O 2 -affinity at pH 8.0 in the presence of L35 and IHP than stripped Hb.
Dynamic process occurs around the heme pockets of the ligated Tquaternary structure. The ring-current-shifted proton resonances of the ligated T-quaternary structure were broadened, mainly because of the chemical exchange processes of the ligation. In the absence of the effectors, the chemical exchange between the unligated and ligated Hbs at low PO 2 is slow on the NMR time scale, but in the presence of the effectors, the lower the O 2 -affinity, the faster the chemical exchange occurs in oxy-Hb. According to multi-dimensional NMR studies of deoxy-Hb and CO-Hb, the T-quaternary structure of deoxy-Hb intrinsically has a very flexible α 1 β 1 -intra-dimeric interface, e.g., B-, G-, and H-helices and the GH-corner [18] [19] [20] 51] . It was pointed that there is intrinsic conformational flexibility of β109Val and β132Lys on the μs-ms timescale in deoxy-Hb, and several other residues along the intra-dimeric interface, such as α31Arg and β123Thr, according to the model-free analysis [51] . And α103His and α122His, according to studies using solvent exchange [43] , have been found to be more mobile in the T-quaternary structure than the R-quaternary structure of CO-Hb. Those residues at the intra-dimeric interface appear to be involved in a conformational exchange process in the ligated T-quaternary structure. Since the αand β-FG corners of the ligated T-quaternary structure are fixed in the same position as those of the ligated T-quaternary structure, the ligation of O 2 to the heme which moves F helix towards the heme should produce tension and distortion of the F-helix. Previous X-ray crystal structure of mutant Hbs around the β37Trp cluster showed that the ligation of the T-quaternary structure cause an α-to-π transition around the F-helix [24] . Such destabilization and distortion of the F-helix may be related to the greatly increased fluctuation in the T-quaternary structure. Upon binding of IHP to the R-quaternary structure of CO-Hb, some structural fluctuations occurs near the heme pockets of the β-subunits [20] . The simultaneous binding of L35 and IHP to Hb should increase the structural fluctuation of not only the ligated T-but also Rquaternary structure of oxy-Hb. A recent NMR study showed that the stability of the distal histidyl hydrogen-bonds in oxy-Hb is influenced largely by the effects of pH and temperature [52] . The simultaneous binding of L35 and IHP might also destabilize the distal histidyl hydrogen-bonds in the ligated T-quaternary structure, resulting in the fluctuation around the heme pockets and lowering of the O 2 -affinity [53] . In the X-ray crystal structure of horse CO-Hb, one L35 molecule binds to the surface of the α-subunit close to the heme in addition to the two L35 molecules in the cavity [21] . Since the ligated Tquaternary structure has the ligated heme structure, this L35-binding to the surface around the heme pockets may contribute to the chemical exchange of the hydrophobic side chains around the heme moiety represented by the ring-current-shifted proton resonances. The fluctuation of the tertiary structure of Hb seems to be caused by the structural perturbation of the α 1 β 1 (or α 2 β 2 ) intra-dimeric surface, where L35-binding sites exist and by the IHP-binding to the α 1 α 2 -or β 1 β 2 -cavity. The tertiary structural fluctuation induced by the allosteric effectors may contribute to the reduced ligand affinity of the ligated Hb, which little depend on the quaternary structures [53] .
The isolation of the R-and T-quaternary structures of oxy-Hb with extremely low O 2 -affinties in solution in the presence of BZF + IHP [9] and L35 + IHP [this paper] below pH 7.0, respectively, indicates that the ligation state and the quaternary structure of Hb have no direct correlation with the O 2 -affinity. Therefore, we concluded that the widely-held assumptions of the structure-function correlation of Hb - Human adult Hb in the absence of heterotropic effectors, or stripped Hb, is a high-affinity (P 50 b 4 mmHg at 37°C), modestly cooperative (K R / K T = 30) oxygen-carrier with practically no Bohr effect [8, 9, 17, 38, 53] . Therefore, its functional properties make stripped Hb physiologically irrelevant as an oxygen-carrier. Hemoglobin functions effectively and efficiently as a physiological oxygen-carrier in the blood, exhibiting lower oxygen-affinity of P 50 =40-100 mmHg, greater modulation of the cooperativity of K R /K T =1.3-600, and significantly enhanced Bohr effect, only in the simultaneous presence of high-concentrations of multiple physiological heterotropic effectors such as 10 −7 M H + , 0.1 M Cl − ,~0.004 M 2,3-BPG, CO 2 at P CΟ2 =40-45 mmHg, ATP, ADP, etc. Therefore, the structural/mechanistic/theoretical studies of Hb, the majority of which have been performed in the absence of hetrotropic effectors or without consideration of heterotropic effects, namely, with stripped Hb, may be of interest academically, but far from physiological reality. Thus, we do not agree with the generalized notion that our studies of Hb using multiple effectors (natural and synthetic heterotropic effectors at high concentrations) are non-physiological and unnatural. It is customary to study enzyme mechanisms by varying pH and the concentrations of substrates, activators, and inhibitors in wide ranges in order to derive a comprehensive picture of enzyme mechanisms.
We have determined MWC parameters (K R , K T , and L 0 ) using the MWC equation. These MWC parameters do simulate the oxygenbinding isotherma perfectly under all the experimental conditions we have employed (at pH 6.6-9.0, with and without effectors) ( [8, 9, 17, 38, 53] and this paper). Thus, our functional results are fully consistent with the MWC two-state concerted model [1] , while we do not agree, on the basis of our previous [8, 9, 17, 38, 53] and current data, with Perutz's assumption [2, 13] to assign Perutz's static T-/Rquaternary structures and associated static tertiary structures of deoxy-/oxy-Hbs to MWC's T (low-affinity)/R (high-affinity) functional states, respectively. The ligation-linked static structural changes such as those of T-/R-quaternary structures, the position of heme Fe, the constraints caused by allosteric core and the inter-dimeric saltbridges, for example, may be not related to the changes in the oxygenaffinity (K T and K R ), but to the changes in the allosteric equilibrium (L n , n = 0, 1, 2, 3, and 4) in Hb, in accordance with the fundamental concept of the MWC two-state concerted model [1] , as described in detail previously [53] . We have proposed that certain oxygen-and effector-linked dynamic structural changes [53] , rather than the oxygen-linked static structural changes [2, 13] , may be responsible for the MWC's low-/and high-affinity states and thus the regulation of the oxygen-affinity in Hb, especially under physiological conditions.
